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1 Abstract
Chitosan and Carboxymethyl Chitosan as Catalyst Matrix Materials
Michael John Laudenslager
Caroline Schauer, PhD
Chitosan, a polysaccharide derived from crab and shrimp shells, was investi-
gated as a matrix material for catalytic platinum, gold, and silver nanoparticles.
Not only is chitosan able to stabilize nanoparticles, it is able to reduce metal ions
to a zero valent state while controlling nanoparticle growth. The size, morphol-
ogy, and catalytic activity of nanoparticles produced were examined in chitosan,
and carboxymethyl chitosan (CMC), a chemically modified form of chitosan. Car-
boxymethyl chitosan is reported to have a higher metal ion binding capacity, but
has not been previously tested as a support material for catalytic nanoparticles.
Nanoparticles were characterized through UV-vis absorbance and transmission
electron microscopy. Platinum nanoparticles have a narrow size distribution with
an average size of 3.5 nm while gold and silver have much broader size ranges with
average particle sizes of 23 nm and 7 nm respectively. The size and morphology
of the nanoparticles did not vary significantly between the two polymers for each
type of catalyst. However, a higher aggregation rate was observed in CMC.
Nanoparticles supported on chitosan flakes were shown to be active, reusable
catalysts. The catalytic activity of chitosan supported nanoparticles was moni-
tored through UV-vis absorbance of the reduction of 4-nitrophenol in the presence
of sodium borohydride. The characteristic absorbance peak of 4-nitrophenol is
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directly proportional to its concentration. By using an excess of sodium borohy-
dride, pseudo first order rate kinetics can be assumed. Rate constants show that all
three types of nanoparticles are catalytically active with silver nanoparticles hav-
ing the highest rate constant followed by platinum and gold. The three catalysts
did not change in activity after several runs when supported in chitosan; however,
carboxymethyl chitosan supported catalysts were not appreciably retained by the
matrix material.
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2 Introduction
2.1 Catalysis
Many reactions, while energetically favorable, are too slow to observe a change.
However, the presence of a catalyst can greatly increase the reaction rate. A cat-
alyst changes the pathway of a chemical reaction, creating different intermediate
products. The altered reaction pathway has a lower activation energy; however,
the net free energy change associated with the reaction remains the same. Optimiz-
ing reaction kinetics is critical to any industrial process that is based on chemical
reactions; faster reaction times increase throughput and profitability.
Figure 1 shows a plot of energy against time for a model catalytic reaction. In
the figure, the activation energy is much lower for the catalyzed reaction. The
lower activation energy allows the reaction to take place more easily, which in-
creases its rate. For example, the enzyme catalase lowers the activation energy of
the decomposition of hydrogen peroxide to 8 kJ mole−1 which increases the reac-
tion rate by a factor of 1015 at room temperature [2].
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Figure 1: Change in activation energy resulting from the presence of a catalyst
(modified from [2])
Two types of catalysis exist: homogeneous and heterogeneous depending on
the phase of the catalyst and reactants. Homogeneous catalysts are in the same
phase as the reaction requiring additional steps to separate the product from the
catalyst. Heterogeneous catalysis occurs when the catalyst is in a different phase,
which typically makes the separation process much easier. Heterogeneous cata-
lysts tend to be expensive noble metals such as palladium, platinum, gold, and
silver; however, the ease of recovery of heterogeneous catalysts allows recovery
and reuse of the catalysts [5–8]. A common example of the use of catalysts is in
catalytic converters, which are used to reduce pollution [7].
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2.1.1 Metallic nanoparticles
Catalysis only occurs on the surface of metals; therefore, increasing the available
surface area will greatly enhance the effectiveness of the catalyst, which in turn
lowers the effective cost. Nanoscale catalysts have a very high surface area, which
exposes a large amount of the material to the reactants. Decreasing the particle
size will, in general, increase the catalytic activity; however, there is a critical size
below which further decreases will actually hinder the catalysis [9]. However,
nanoparticles in solution are difficult to separate and are typically supported on
a porous surface to allow easy recovery. In order to further increase the exposed
surface area, many catalysts are attached to a honeycomb structure to increase the
exposed surface area as can be found in catalytic converters. Figure 2 shows an
example of how catalysts are supported on structures to maximize the available
surface area.
Figure 2: Common structure of catalyst supports (modified from [3])
A wide range of nanoparticles have been synthesized for catalytic devices. Fur-
thermore, the manner in which particles are formed, their shape, size, and support-
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ing polymer alter their catalytic activity and usefulness. Platinum, gold, and silver
are among the most interesting nanoparticles, and their uses and applications are
described in the sections that follow. These noble metals are among the highest in
the galvanic series, which means the particles are resistant to corrosion and oxida-
tion. Resistance to degradation ensures the catalyst stays in its most active form.
Table 1 lists many of the properties of the three metals highlighted in this thesis
along with the solutions from that are used to form the nanoparticles.
Table 1: Properties of platinum, gold, and silver as reported by Sigma-Aldrich
2.1.2 Platinum
Platinum catalysts are used for a number of applications including: fuel cells, syn-
thesis of nitric acid, and petroleum refining [10,11]. Platinum catalysts are typically
supported on a carbon or aluminum surface or used as finely dispersed solids.
Wilson has shown that platinum nanoparticle thin films are comparable with gas
diffusion electrode systems for fuel cells [11]. The morphology of catalysts can
be as important as the size, and to this end, Ahmadi et al. have reported that the
shape of platinum nanoparticles can be controlled during the synthesis of the ma-
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terial [12]. While platinum can be induced to form a stable oxide, it will not due
so spontaneously upon heating to any temperature. This makes platinum an ideal
high temperature catalyst; it will not change into a less active state when heated.
2.1.3 Gold
In its bulk form, gold is a poor catalyst; however, gold nanoparticles are highly
active [13]. Very small gold nanoparticles, on the order of 8 nm or less, have been
shown to be highly selective, low temperature catalysts for a number of important
reactions such as CO oxidation and propylene epoxidation [7, 14] Until around
1980, gold was not fully recognized for its catalytic ability. Prior to this point,
gold catalysis was typically performed using relatively large, poorly dispersed
nanoparticles at high temperatures. Recent techniques, have shown gold to be
highly active, and it has the distinction of being the most highly active catalyst for
the hydrochlorination of acetylene to produce vinyl chloride [14].
Gold has many unexpected properties that prevented earlier discovery of its
catalytic potential. Unlike most other elements, gold does not have a stable oxide.
It also does not follow the rule of thumb that other catalysts follow: for most cat-
alysts the ability to chemisorb a foreign species is directly related to their catalytic
potential. The atomic radius of gold is smaller than silver, and its most stable state
is goldI I I unlike silver where silverI is the most stable. Additionally, gold can oc-
cur in compounds where it is anionic such as CsAu. In bulk form it acts as an inert
metal; however, at small size scales, it is highly active [15, 16].
2.1.4 Silver
Silver has been shown to catalyze a number of reactions such as the reduction of ni-
trous oxide and the oxidation of ethylene [17, 18]. Cost considerations make silver
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a particularly interesting noble metal to study. The cost/gram of gold, platinum,
and silver purchased from Sigma-Aldrich as of April 2008 are: $1350 per gram,
$120 per gram, and $3 per gram respectively. Each catalyst material varies in price
by more than an order of magnitude.
As a catalyst, silver is typically used in oxidation reactions. Formaldehyde is
commonly produced from methanol using a silver catalyst [19]. Another typical
reaction that uses silver catalysts is the oxidation of ethylene to ethylene oxide [20].
Ethylene oxide is commonly used in the production of ethylene glycol, which has
a number of industrial uses.
2.2 Catalyst matrix materials
Nanoparticles have a tendency to aggregate and are difficult to recover from reac-
tions due to their small size. In order to overcome these difficulties, nanoparticles
require a stabilizing material such as a matrix material or surfactant. Surfactants
are useful for stabilizing the nanoparticles in solution to prevent aggregation, but
do nothing to keep the nanoparticles from mixing with a reaction. Matrix materials
hold the nanoparticles in place allowing easy recovery. Common matrix materials
include: carbon, silica, and alumina. Recently, polymers have gained interest as
a matrix material for their versatility: polymers can be made into gels, brushes,
beads, flakes, and films. However, polymers can only be used for low temperature
applications and degrade more easily than other supports.
2.2.1 Catalyst deactivation
While catalysts interact with a chemical reaction, they are not consumed in the
process. However, this does not mean a given amount of catalyst can be used
in a reaction indefinitely. There are several processes that reduce the activity of
catalysts. These processes can be chemical, mechanical, or thermal in nature and
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are outlined in the following sections. The lifespan of a catalyst is limited by sev-
eral effects including: poisoning, thermal degradation, and fouling, leaching, and
chemical deactivation [21].
2.2.1.1 Poisoning Poisoning occurs when molecules adsorb onto the active site
of a catalyst. These molecules have higher adsorption strengths than other species,
which results in the sites becoming blocked. Poisons are dependent on the rel-
ative adsorption strength of the reactants. Shown in the Figure 3 is an example
of catalyst poisoning on a metal substrate where the “M”s represent metal atoms.
The image is not to scale as poisons can be virtually any foreign substance that
adsorbs to the surface of the metal. Mercury is a well-known catalyst poison and
is commonly used in catalyst poisoning tests [22].
Figure 3: Catalyst poisoning (modified from [4])
2.2.1.2 Thermal degradation Thermal degradation is another method that re-
sults in catalyst deactivation and can be broken down into two mechanisms. The
first is caused by crystallite growth of the catalytic phase. This growth constricts
the pores hindering access to catalytic sites and can result in the collapse of the
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porous structure. This growth is more commonly known as sintering. The sec-
ond method occurs when the catalyst undergoes a chemical transformation into a
non-catalytic phase.
2.2.1.3 Catalyst fouling Porous catalyst supports are vulnerable to adsorption
of foreign particles in a similar manner to poisoning, but with even more devastat-
ing effects to the catalyst known as catalyst fouling. Solid material that is present
in the reaction vessel slowly deposits into the porous network. Over time, the de-
position limits the accessible number of catalytic sites, which reduces the activity
of catalyst network. Therefore all catalysts have a lifespan, which can range from
minutes to years [4].
The complexities of catalyst fouling have given rise to a number of simulations
that attempt to explain and predict catalytic fouling [21, 23–25]. These simulations
must account for a number of parameters that affect diffusion and catalytic activ-
ity of a catalytic device including: flow rate, pore size, particle size and exposed
surface area, accessibility of pores, fraction of plugged pores, and size of the depo-
sition material.
There are two stages to catalyst fouling: an initial stage of pore plugging and a
second, rapid stage known as percolation. The first stage is the result of the initial
deposition of solid material and subsequent constriction of the porous network.
The deposited material reduces the surface area available for the catalytic reaction
and creates narrower passageways that hinder diffusion into the network. Pore
plugging is dependent on catalytic activity; the higher the activity, the faster the
pore will plug [23].
After a large number of pores have been plugged, access to pores deeper in
the network become blocked. The percolation transition occurs when the network
loses its macroscopic connectivity. Once the catalyst reaches the percolation tran-
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sition, the number of accessible sites rapidly decreases. Therefore, a catalyst will
function close to its ideal state for most of its life cycle and at a critical point, rapidly
lose its ability to catalyze reactions.
2.2.2 Chitosan as a catalyst support
Chitin, Figure 4, is the second most abundant natural polymer, and is composed
of β(1 → 4) linked 2-amino-2-deoxy-β-D-glucose (N-acetylglucosamine). It is a
polysaccharide that is primarily derived from shrimp and crab shells, but can also
be found in fungi, squid pens, and insects. Chitin has shown to have a strong
ability to bind metal ions. Chitin has poor solubility, which can be overcome by
removing acetyl groups. This process is known as deacetylation, which is used to
confer solubility in dilute acids.
Partially deacetylated chitin is referred to as chitosan, Figure ??. The deacetyla-
tion process usually results in a range of deacetylation percentages. A typical DD
for chitosan is around 80 %. Chitosan is characterized by its molecular weight, and
the degree of deacetylation, DD. Since not all structural units are deacetylated, chi-
tosan is a copolymer of N-acetylglucosamine and glucosamine, 2-amino-2-deoxy-
β-D-glucose [26]. Chitosan is known to anchor metal nanoparticles making it an
interesting catalyst support material.
Figure 4: Structure of chitin
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There are several steps involved in order to isolate chitin. Crab and shrimp
shells are milled to a powder and then removed of proteins by treatment with
sodium hydroxide or enzymatic digestion. Hydrochloric acid is then used to re-
move calcium carbonate and other minerals. Removal of pigmentation is accom-
plished through the use of potassium permanganate, hydrogen peroxide, or sodium
hypochlorite [27]. Removal of pigmentation is necessary to obtain a clear, pure
polymer.
To form chitosan from chitin, further processing is required. Chitin is treated in
a strong sodium hydroxide solution as shown in Figure 5. This process deprotects
the N-acetyl linkages and is typically carried out at elevated temperatures [27].
The resulting polymer can be made into many different forms, including: flakes,
gel beads, membranes, films, and fibers [28].
Figure 5: Deacetylation of chitin
2.2.3 Metal ion chelation in chitosan
Chelation, from the Greek word “chele,” which means “claw,” is the formation
of a ring around a metal ion, which binds the ion in place. The ability of a substance
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to chelate a metal is determined by the number of ligands available and steric
factors. If the chelating agent is too rigid, it will not be able to sufficiently wrap
around the metal ion. Ligands must have at least two donor atoms, and in general,
the more donor atoms present, the more stable the resulting complex will be.
Amino complexes, NH2, are strong chelating agents, and are readily available
on chitosan [29]. The hydroxyl groups also interact with the metal ions to a lesser
extent [30]. In acidic solutions, the free electron doublet of the amine groups is
responsible for the uptake of metals [28, 29]. Protonation of the amine groups in-
creases with decreases of pH; however, below a pH of 4 competitor anions limit
the efficiency. It is interesting to note that the affinity for cations is not dependent
on its physical form i.e. solution, powder, or film [31].
The chelation of metal ions onto chitosan has an optimal pH range of 2-4. Ex-
cessive acidity has been shown to limit the uptake of metals. Under optimal con-
ditions, sorption capacities can reach 1-2 mmol/g for Pt and Pd [32]. Increased dif-
fusion capability increases the catalytic ability of chitosan. Sorption is affected by
the number of free amines and the hydrophilicity of the absorbent molecules [33].
Higher DD will increase the number of free amines. In highly acidic solutions,
there is competition for the amine groups between metal cations and protons. This
leads to a decrease in the sorption ability in highly acidic solutions [28]. The higher
sorption capacity in CMC is thought to be dependent on higher chain flexibility,
and the involvement of the carboxymethyl groups in chelation [30, 32].
2.2.4 Formation of nanoparticles in chitosan
Chitosan has been reported as a useful stabilizing polymer for nanoparticles of Ag,
Au, Pd, Pt, and Rh [34–37]. The dispersed sols are due to formation of coordina-
tion bonds between the metal ions and amine and hydroxyl groups of chitosan.
This disperses the metal prior to its reduction [38]. It is important to note that
metal nanoparticle interactions are different than metal ion interactions. The basic
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method for synthesis of nanoparticles in chitosan is to disperse metal ion solutions
in the polymer and reduce them to a zero valent state.
2.2.4.1 Platinum Chitosan is an effective support for platinum nanoparticles
[12, 36, 37]. Adlim has shown that the concentration of chitosan does not signif-
icantly affect the size of the nanoparticles that are formed during the reduction.
However, increased concentration of chitosan will slightly increase the aggrega-
tion of platinum particles [38]. The formation of platinum nanoparticles is charac-
terized by a change in color from the golden yellow of chloroplatinic acid solution
to black. Platinum does not exhibit the distinctive absorption peaks that are found
in the formation of gold and silver nanoparticles. Platinum nanoparticles formed
in chitosan tend to be the most stable with narrow pore size distributions.
2.2.4.2 Gold Upon successful reduction of gold chloride, the solution changes
from yellow to a deep red color that is often compared to the color of wine. Huang
et al. have shown that it is possible for chitosan to not only stabilize, but also reduce
gold chloride into gold nanoparticles. In this method gold chloride and chitosan
are heated at low temperatures for approximately two hours [37]. Huang proposes
a reduction mechanism that is similar to the reduction of metal salts by glucose, a
sugar. When chitosan hydrolyzes in water, D-glucosamine, a derivative of glucose,
results. It is thought that D-glucosamine has the same reducing effect as glucose
on gold chloride.
2.2.4.3 Silver Silver nanoparticles can be reduced by sodium borohydride from
silver nitrate. It is necessary to chill the solution prior to reduction to create the
most stable sol. In a similar manner to gold chloride, silver nanoparticles can be
reduced using chitosan alone by heating [39]. Silver sols are particularly unstable
and tend to aggregate within a few days. Surface plasmon resonance (SPR) causes
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silver sols to appear yellow in color, corresponding to a peak at 400 nm, which
darkens as particles aggregate.
2.2.4.4 Surface plasmon resonance Silver as well as gold nanoparticles exhibit
a surface plasmon resonance (SPR), which gives rise to a distinctive absorption
peak at 400 nm for silver and 520 nm for gold. A redshift of approximately 20
nm is observed in polymer films due to particle aggregation [40]. A red or blue
shift of the band can be caused by a change in particle size and the ratio of silver
ions to zero-valent silver [41] . The presence of silver ions, Ag2+and Ag3+, due
to clustering can be observed as a peak around 275 nm [40]. Monitoring UV-vis
absorbance, one can determine the aggregation state of sols from these two species
of nanoparticles as well as obtain an estimate of their size distributions.
2.2.5 Chitosan applications
Chitosan has many useful applications related to metal ion binding, structural
color, biomedical applications, and catalysis. Chelation allows chitosan to bind
with metal ions, which can be used in filtration systems and metal ion sensors [42].
Thin films of chitosan undergo structural color changes in the presence of metal
ions, which allows the films to be used as metal ion sensors [43]. Chitosan can also
be used as a support material for metal nanoparticles. Supported nanoparticles
have applications in catalysis and antimicrobial activities [44, 45]. The ability of
chitosan to bind metals has proven useful in a number of catalytic reactions. These
reactions include: oxidation, hydrogenation, allylic substitution, polymerization,
cyclopropanation of olefins, and carbonylation. However, most research involves
oxidation and reductive hydrogenation reactions [11, 28, 36, 46].
Chitosan also has biomedical applications: it is used in wound dressings, and in
conjunction with silver nanoparticles for antimicrobial coatings [47,48].The biodegrad-
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ability and non-toxicity of chitosan have allowed it to be considered for a number
of applications including: wound dressing, drug delivery, and tissue engineer-
ing [49]. Chitosan is frequently combined with other materials to enhance its use-
fulness. For example, combining carboxymethyl chitosan with other polymers in-
cluding: poly(ethylene oxide), poly(aspartic acid), and polyvinyl acetate to facili-
tate electrospinning [50].
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3 Background
3.1 Characterization of chitosan
There are several methods that are used to characterize chitin and chitosan. The
source, shrimp and crab shells, squid pens, etc., will have an effect on the resulting
biopolymer. The molecular weight and degree of deacetylation (DD) are typically
reported to characterize the polymer. DD can be measured using Fourier transform
infrared spectroscopy (FTIR) and nuclear magnetic resonance (NMR). Molecular
weight can be determined by viscosity measurements from a capillary viscometer,
a rheometer, or gel permeation chromatography. Significant variations between
batches are often observed since chitosan is a natural polymer and not developed
through a carefully controlled reaction. Crystallinity of chitosan can be measured
through X-ray diffraction (XRD).
3.1.1 Conformation of chitosan
The conformation of chitosan is dependent on its charge. This charge is dependent
on the number of protonated amino groups, which is dependent on: pH, DD, and
attachment of other functional groups. At lower value of DD, ie. higher concen-
trations of acetyl groups, the polymer stretches, which is attributed to hydrogen
bond formation between the hydroxyl and carbonyl groups [51].
3.1.2 Determination of molecular weight
The chain length of polymers is one of the determining factors of its properties.
The most common method of reporting molecular weights is the number average
molecular weight and the weight average molecular weight. The weight average
molecular weight skews the data such that the average is closer to the weight of
the longest chains [52].
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Number Average: M¯n =
∑Nx Mz
∑Nx
(1)
Weight Average: M¯n =
∑Nx M2z
∑Nx Mz
(2)
One method to determine the molecular weight of a polymer is by measur-
ing its viscosity. The length of polymer chains is inherently tied to how fast they
will flow. Higher molecular weights have higher viscosities. This relationship is
demonstrated by the Mark-Houwink equation.
Mark-Houwink equation: [η] = kMα (3)
The viscosity of chitosan is dependent on its DD as well as its molecular weight.
This requires different parameters for the Mark-Houwink equation to be used de-
pending on the DD value. Table 2 shows the viscometric constants, k and α, for
different degrees of deacetylation of chitosan [1].
Table 2: Mark-Houwink constants for various DD Table (reproduced from [1] )
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3.1.2.1 Viscosity Viscosity in chitosan is primarily dependent on electrostatic
interactions between polymer chains [53]. The addition of salts and surfactants
causes a Columbic screening effect, which reduces the viscosity. Essentially, the
positive ions from the salt reduce the interactions from the polymer chains [54].
There are a number of ways in which viscosity can be reported, as shown be-
low. However, viscosity is usually reported as [η], intrinsic viscosity. [η] is an
interpolation of the viscosity as the concentration of the solvent approaches zero.
These equations do not take into account the temperature at which the samples
were measured, which can have a significant impact on the viscosity, especially
when the substance goes through conformation changes at different temperatures.
Therefore, all experiments were measured at a controlled temperature.
Relative Viscosity: ηreal =
t
ts
(4)
Reduced Viscosity: ηred =
ηsp
c
(5)
Intrinsic Viscosity: [η] = ηred as c→ 0 (6)
Intrinsic viscosity reports the viscosity of a polymer independent of its con-
centration. Concentration independence is important to compare different types
of solutions without running a new set of experiments at a specific concentration
level. Intrinsic viscosity is obtained by measuring the reduced viscosity over a
range of polymer concentrations. The resulting data is plotted and then extrapo-
lated to a concentration of zero. The viscosity at this concentration is reported as
the intrinsic viscosity.
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3.1.3 Chain flexibility
Chelation requires the polymer to wrap around the metal ion. To this end, the
ability of chitosan to chelate has been shown to be dependent on chain flexibility.
Chain flexibility can be reported by the parameter dln[η]
d( 1T )
. A plot of ln[η] plotted
against 1T will have a slope of the flexibility parameter where T is the temperature.
The stiffness decreases with increasing molecular weight [55].
Chain Flexibility Parameter:
dln[η]
d( 1T )
(7)
3.2 Crosslinking
Several methods are used to crosslink chitosan. Crosslinking forms irreversible
chemical links between the polymer strands. These linkages allow the polymer to
be exposed to water and other substances without dissolution. Glutaraldehyde,
Figure 6, is one of the most commonly used crosslinkers. Glutaraldehyde interacts
with the amines of chitosan through either a Schiff base imine functionality or
a Michael-type adducts with terminal aldehydes [56]. Glutaraldehyde reacts at
room temperature and can be used as a liquid or in a vapor chamber to crosslink
samples.
Figure 6: Glutaraldehyde
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Welsh et al. have shown that hexamethylene 1,6-di(aminocarboxysulfonate)
(HDACS), Figure 7, is able to crosslink chitosan through its amine groups [26].
HDACS is activated by exposure to heat or basic conditions. It is important to note
that sorption can be significantly decreased by crosslinkers such as glutaraldehyde
and HDACS due to the lack of amines available for chelation and the decreased
chain flexibility.
Figure 7: Hexamethylene 1,6-di(aminocarboxysulfonate) (HDACS)
3.2.1 Solubility
Chitin is hydrophobic and insoluble in water and most organic solvents. Chitosan
is soluble in dilute mineral acids such as acetic acid, and hydrochloric acid. The
solubility is due to the protonation of amine groups. Sorption of metal ions de-
creases the solubility of chitosan due to a crosslinking effect between the polymer
chains [30]. The decreased solubility must be carefully taken into account when
forming catalytic nanoparticles in chitosan.
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3.2.2 Crystallinity
Crystallinity of chitin is highly dependent on the origin of the raw material. The
source, shrimp, squid pen, crab, etc., can have a large effect on its crystallinity.
The two main forms of chitosan are: α, the more common form, and β, which is
typically obtained from squid pen. α chitosan has antiparallel chain alignment
while β chitosan has parallel alignment and a more open structure [57].
Porosity increases with decreasing crystallinity, which increases the sorption
capabilities of the chitosan. Increased sorption capacity is desirable because it
allows chitosan to bind with more nanoparticles increasing its catalytic activity.
Also, the crystallinity affects the number of protonated amines that are available
for electrostatic interaction with metals. As hydrogen bonds break apart between
polymer chains, the crystallinity decreases. It is possible to limit crystallization by
lyophilizing the polymer instead of allowing it to air dry [30].
3.3 Modifications of chitosan
Modifications of chitosan exist in two possible forms: physical and chemical. Phys-
ical modifications deal with the form and crystallinity of the structure while chem-
ical modifications are achieved through the grafting, removal, or exchange of func-
tional groups. The different physical forms of chitosan are achieved through dif-
ferent processing conditions. Physical modifications of chitosan not only alter the
molecular weight, but also the physical size and shape of the polymer. Chitosan
has been manipulated into many different forms including: nanoparticles [58], gel
beads [59], membranes [60], sponges [61], fibers [56], and microspheres [62].
Chemical modification of chitosan is also used to achieve a wide range of func-
tions. The free amines in chitosan easily lend themselves to a number of chemical
modifications that change its properties. Many of these modifications were devel-
oped to confer water solubility and metal ion binding properties. Grafting new
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functional groups can change the metal binding affinity, selectivity, and optimum
pH range [30]. Some of the common chitosan modifications include: L-cysteine
modified chitosan for ion adsorption [63], thiol-grafted chitosan for mercury re-
moval [64], re-acetylation for water solubility [51], and carboxymethyl chitosan for
water and base solubility [65].
3.3.1 Chitosan as a catalyst support
The properties of chitosan have been shown to be readily adapted for use as cat-
alyst supports. Chelation evenly disperses metal ions, which can then be reduced
to form dispersed metal nanoparticles of relatively uniform size. Due to the ability
of the natural polymer to interact with the metal nanoparticles leaching does not
occur as with traditional supports such as alumina, carbon, and silica [66].
The interactions of polyelectrolytes with metal nanoparticles have led to sev-
eral novel catalyst supports. Drechsler has shown that polyelectrolytes can be sup-
ported on spherical polystyrene cores. The polyelectrolyte brushes on the surface
have been shown to form excellent catalyst supports [67]. Other research has tested
catalysts in colloidal solutions, precipitating the solutions with NaOH to recover
the catalyst after completion [38]. Solutions have also been deposited on films for
use as sensors. By combining platinum nanoparticles with carbon nanotubes in
chitosan, Yang et al. have shown the resulting films can be used as low potential
sensors for hydrogen peroxide and cholesterol [36].
3.3.2 Carboxymethyl chitosan
CMC is a modification that has several desirable properties for catalyst supports.
These properties include a higher metal ion binding capacity [32, 68] and a greater
solubility range [65]. This modification is formed by attaching carboxymethyl
groups to the chitosan backbone. Depending on the location of the carboxymethyl
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group attachment, CMC can be referred to as “N” when the carboxymehthyl group
attaches to the amine, “O” when it attaches to the primary hydroxyl group or N,O-
carboxymethyl chitosan when attached to both.
Figure 8: An example of possible attachments sites for N,O-carboxymethyl chi-
tosan
The solubility of CMC is highly dependent on the reaction conditions. Typ-
ically, an insoluble region will exist, generally near neutral pH values [65]. The
ratio of isopropanol to water as well as the reaction temperature affect the loca-
tion of the insoluble pH region. CMC has been shown to have increased chelation
capacity over normal chitosan [68, 69]. CMC has a reduced chain rigidity, which
compensates for the lower number of free amines available for adsorption [32].
CMC is able to chelate palladium and platinum ions [31]. Due to the lack of free
amines, HDACS is not able to sufficiently crosslink carboxymethyl chitosan to con-
fer water insolubility. Degradation rates of CMC have been shown to be higher
than degradation rates found in chitosan [70].
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3.4 Thin films
Thin films have a thickness close to the wavelength of light with thickness that
are often reported in nanometers (nm). Films at this thickness exhibit interesting
optical properties due to the interference of light as it reflects through the material.
There are a number of methods for producing thin films including dropping the
polymer onto a substrate directly, spin coating, and layer-by-layer self-assembly.
Thin films exhibiting structural color can be used as chemical sensors. These sen-
sors can be used for detecting dangerous levels of toxic substances in aqueous so-
lutions. As a thin film detector comes into contact with analyte solutions, changes
in thickness and color are observed [43]. A typical chitosan thin film is shown in
Figure 9.
Figure 9: Chitosan thin film on silicon wafer
Nanocomposite films created from nanoparticles that are evenly dispersed through-
out the polymer have a number of interesting properties. The small size of the
nanoparticles has a minimum effect on the scattering of light within the material
preserving the optical clarity of the film. Traditional composites in polymers, i.e.
polymer matrices with composite materials in the micrometer scale, lessen the op-
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tical clarity of the film and create regions of higher stress within the film around
the composite material.
3.4.1 Film preparation
There are several commonly used methods for creating films. Layer-by-layer as-
sembly is one of the most commonly reported, but is also the most time consuming.
Spin coating and evaporation techniques are quicker, but less accurate methods.
These methods are ideal if some variation is allowed in the thickness of the result-
ing film. The simplest way to create a thin film is to cast it by placing a few drops
of the polymer onto a substrate, and allow it to air dry; however, films produced
in this way will not be uniform and have poor optical qualities.
3.4.2 Spin coating
Spin coating is an effective way of distributing a polymer evenly onto a substrate
in order to create a thin film. A spin coater is a device that holds and spins the
substrate at high speeds in order to evenly distribute the polymer. Substrates are
held in place via a vacuum, and rotated at a set number of revolutions per minute
(RPM). As the wafer is spun, excess polymer is removed via centrifugal forces. The
reduction in thickness of the polymer corresponds with an increase in the unifor-
mity of the layer [71]. Higher speeds and longer durations will generally result in
smoother, thinner films. Above a speed of 1500 revolutions per minute, a linear
relationship has been observed between RPM and film thickness [72, 73].
There are several drawbacks to spin coating. It is difficult to predict the thick-
ness of the film, which is partly due to variations that arise from different batches
of the polymer solutions and viscosities. It is possible to make a large batch of a
polymer and measure the thickness of the films it produces at various speeds to
gain a reasonable estimate of the thickness of subsequent films. Another frequent
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problem arises from the existence of small particles in the film or air bubbles that
are trapped in the polymer. When spun, these particles disrupt the uniformity
of the film and can make it unsuitable for measuring. The variability associated
with this method necessitates coating of a number of samples in order to ensure a
suitable sample is obtained for analysis.
3.4.3 Layer-by-layer ionic self-assembly
The layer-by layer method works, by gradually adding thin layers of polymer to
the substrate. This method requires two different solutions: a cationic and anionic
solution. The substrate is briefly dipped into the cationic solution and then rinsed
with water. The slide is then dipped into the anionic solution and rinsed. The
substrate is continually dipped into alternating cationic and anionic solutions until
the desired thickness is obtained [74].
3.5 Structural color
Structural color is observed in films with layers close to the wavelength of light.
This type of color differs from pigmentation because pigments absorb specific
wavelengths of light while structural color is dependent on interference effects that
result as light passes through the material. The distinctive colors often observed in
insects, chambered nautiluses, and even soap bubbles are due to structural color.
While pigmentation appears the same color at any angle, structural color appears
to change through a wide range of colors when a structurally colored object is
viewed from different angles.
As light enters a film, part of the light is reflected off the surface, and some light
is transmitted into the film. Of the light that penetrates the film, some of the light
is absorbed by the substrate, and some of the light is reflected from the substrate.
Part of the internally reflected beam will escape the film, and part of the beam will
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be reflected back into the film. The reflection and absorption happen though the
film, and can be approximated by an infinite series. See Section 8 for a detailed
discussion of the equations that describe the reflection of light through a film.
Figure 10: Multiple internal reflections in a thin film
Multilayer systems of alternating indices of refraction further complicate the
path of light traversing through a film. At each interface, where the index of re-
fraction changes, part of the light is reflected, and part of the light is transmitted.
As the light waves are reflected out of the film, constructive or deconstructive in-
terference will occur. This can result in certain wavelengths of light being canceled
out or enhanced. This effect can allow films with sharp reflectance peaks to oc-
cur, which results in films reflecting a single color, and not the range of colors that
single layer films exhibit.
Three properties are critical to the understanding of structural color. They are
the index of refraction, the wavelength of incident light, and the thickness of each
of the materials involved. The index of refraction of a material is often reported
as a single, real value, “n”. However, the index of refraction is actually complex
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and of the form n˜ = n + jk, where j is a loss constant, and k is an extinction coef-
ficient. From here on, the index of refraction, regardless of whether it is complex
or not, will be referred to simply as “n”. All equations presented are valid for both
complex and non-complex forms of n. It is important to note that n is dependent
on the wavelength that was used to measure it [75]. The index of refraction varies
considerably over different wavelengths of light; however, the general trend is for
the index to decrease with increasing wavelength.
3.6 Optical measurements and calculations
During the synthesis of chitosan pigmentation is removed leaving a more or less
transparent polymer. However, when chitosan is dispersed as a thin film, struc-
tural color is observed. Furthermore, metal ions and nanoparticles have striking
colors that yield insights into the state of the system. This section discusses the
measurement of these properties and their implications.
3.6.1 Ultraviolet-visible spectroscopy
A UV-vis spectrometer measures the reflectance and absorbance of light as it re-
flects off of a film or passes through a fluid. Not only does this give a quantitative
way to describe color, it can give insights into the composition of the substance.
For example, certain types of nanoparticles, due to SPR, have characteristic inten-
sity peaks at particular wavelengths. It is interesting to note that the observed
color of the solution containing these nanoparticles can be described as a range of
colors depending on the size and extent of aggregation of the nanoparticles, factors
that will only slightly affect the width and height of the peak. For example, silver
nanoparticles can range from yellow to dark brown, but will have a sharp peak
around 400 nm [41].
3 BACKGROUND 28
UV-visible absorption peaks are often used as a quick method of characterizing
nanoparticles. Gold and silver nanoparticles have characteristic absorbance peaks
around 520 nm and 400 nm respectively. The intensity of the peaks is proportional
to the concentration of nanoparticles in the solution. Therefore, one can use these
peaks to monitor the progress of the reaction. As the reaction proceeds, the peak
will increase due to the increasing number of nanoparticles. When the absorbance
peak no longer increases in intensity, the reaction is complete.
Absorbance peaks can also be used to estimate particle size and aggregation
based on the width and location of the peak. PWHM (peak width at half of max-
ima) is often used to characterize the size distribution of nanoparticles in solu-
tions. It is calculated by measuring the width of the peak at half of the maximum
value [76]. A PWHM of less than 100 nm is indicative of a narrow size distribu-
tion [40]. This technique, however, is not useful for platinum nanoparticles due to
the lack of a distinctive characteristic peak. Particle aggregation can be estimated
by the location of the peak. A redshift in the peak can be an indication that aggre-
gation has occurred.
3.6.2 Ellipsometry
Ellipsometry is a method to characterize thin films using polarized light. The phase
change of the light after it is reflected from the film is then determined. The ellip-
someter measures the values psi, Ψ, and delta, ∆. These values have no physical
meaning, but can be used to build models that estimate the thickness and index of
refraction of the material.
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Figure 11: J.A. Woollam CO., Inc. spectroscopic ellipsometer
The ellipsometer is a very precise, but not necessarily accurate instrument, ie.
repeated measurements will produce similar values, but the data is only as good
as the model used to interpret the data. Care must be taken to see if the data is real;
nonuniform samples, in either thickness or composition, often result in inaccurate
data. It is possible to independently verify properties through other means. For
example, profilometry can be used to measure sample thickness and compared to
the ellipsometry data.
Many different modeling options are available to analyze the data. In most
cases, however, polymer films were measured using a Cauchy model to determine
the index of refraction. This model attempts to fit a curve to the data using three
parameters, A, B, and C from the equation below:
Cuachy model: n = A + B
λ2
+ C
λ4
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The index of refraction can the be predicted for various wavelengths. All op-
tical constants presented in this thesis were measured at 589.3 nm unless stated
otherwise.
3.6.3 Snell’s law
As the light reaches each new interface, it will be transmitted and reflected at
a different angle. These angles can be determined by Snell’s law, which relates the
angle of incidence to the reflected angle [77, 78].
Snell’s Law: (na)sin(θa) = (nb)sin(θb) (8)
3.6.4 Bragg’s law
Bragg’s law can be used to describe the striking colors exhibited by thin films.
As light passes through a film, constructive and destructive interference will oc-
cur based on the optical path length and the index of refraction of the film. The
interference allows certain wavelengths of light to be enhanced while others are
diminished, which leads to a sharp reflectance peak at specific wavelengths.
nλ = 2dsin(θ) (9)
3.6.5 Fresnel equations
The reflectance of the layers can be determined by Fresnel’s laws. The relation-
ship between the Fresnel equations and the ellipsometry constants is:
Fresnel Reflection Relation to Ψ and ∆ : ρ =
rp
rs
= tan(Ψ)ei∆ (10)
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For a single layer film on a substrate, the following equations can be used to
determine the reflection coefficients for P and S polarizations:
P Reflection Coefficient: rpab =
(nb)cos(θa)− (na)cos(θb)
(nb)cos(θa) + (na)cos(θb)
(11)
S Reflection Coefficient: rsab =
(na)cos(θa)− (nb)cos(θb)
(na)cos(θa) + (nb)cos(θb)
(12)
Phase Change: β =
2pid
λ
(n)cos(θb) (13)
The reflection coefficients can be used to determine the corresponding s and p
total reflection coefficients. β is the phase change in the wave as it moves from
the top of the film to the bottom [79]. Finally, the reflectance is the total reflection
coefficient squared.
Total Reflection Coefficient: R =
rab + (rbce−2jβ)
1+ (rab)(rbce−2jβ)
(14)
Reflectance = R2 (15)
It is important to note that if there is no substrate, i.e. a thin film in air, then the
term is rbc = 0. Inspection of the total reflection coefficient will reveal that in this
case, the phase angle as well as the thickness of the film are no longer part of the
equation. For the case of a single interface, the reflectance is given by:
Reflectance = (rab)2 (16)
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3.6.6 Multilayer films
The conspicuous iridescence of butterfly wings and beetle shells are examples
of the interesting optical effects that arise from multilayer films of altering indices
of refraction [80]. This is due to constructive or destructive interference of the
various wavelengths of light. Modeling simulations can be performed to optimize
the layering in order to produce sharp peaks in specific ranges.
Fresnel’s equations and Snell’s law are also applicable to multilayer thin films.
First, the total reflection is calculated for the bottom most layer, as if the first layer
were not present. The total reflection coefficient from the bottom layer is then
used as the rbc value for the next highest layer. The process is then repeated for
the second layer on top of the substrate ignoring all of the other layers in the film
until the topmost layer is reached. The reflection coefficients for the top layer will
be the total value of the reflection coefficients for the entire film [79]. From the
reflection coefficient from the top layer, the reflectance values for the entire film
may be calculated.
3.7 Nitrophenols
Chemical, petrochemical, and pharmaceutical plants often release contaminants
into the environment, which include nitrophenols. These waste products can end
up in nearby streams and water systems. Nitrophenols are classified by the US En-
vironmental Protection Agency as one of the priority pollutants in regards to water
quality. Nitrophenols are often consolidated by adsorption onto other materials.
However, there is increasing interest in the chemical reaction of nitrophenols into
safer compounds. Although nitrophenols are fairly stable at room temperature,
heating to 200− 300oC in air leads to oxidation. The high temperatures greatly
increase the costs associated with such processes [81]. An alternative to high tem-
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perature oxidation is the catalytic reduction of nitrophenols. Catalytic reduction
can be carried out at low temperatures, which greatly decreases the cost.
The reduction of 4-nitrophenol is particularly suited for catalyst testing pur-
poses because it has a characteristic absorbance peak at 400 nm. As the reduction
proceeds, the products, mainly 4-aminophenol have another smaller peak around
300 nm. The height of the peaks are directly proportional to the concentrations.
Thus by monitoring the peaks, rate constants can be determine for various cata-
lysts. This allows for the determination of the efficacy of each catalyst.
Figure 12: Reduction of 4-nitrophenol by NaBH4to 4-aminophenol
3.8 Related work directed by Dr. Caroline Schauer
The Natural Polymers and Photonics Group, NPPG, under the leadership of Dr.
Caroline Schauer, works on several different, but overlapping fields of natural
polymer research. The NPPG investigates: structural, optical, mechanical, and
chemical properties of natural polymers as thin films and nanofibers in order to
develop novel sensor and filtration systems.
One ongoing research project is to develop metal ion dipstick sensors. When
metal ions bind with chitosan or alginate films, a change in thickness and index
of refraction can occur. Since structural color is dependent on film thickness and
refractive index, the metal binding can result in a shift in color. By monitoring
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the color change exhibited by these films, metal ions can be detected in water
sources [43]. By investigating polymer modifications, researchers have shown that
the response of the films can be tailored for specific metal ions [82]. Surface plas-
mon resonance and localized surface plasmon resonance testing are used in con-
junction with gold metal films as another method of metal ion sensing.
Nanofibers spun from chitosan are also investigated. This research involves
finding novel methods to produce and crosslink nanofibers of chitosan [56]. The
non-woven fiber meshes that are produced have applications for filtration systems
as well as biomedical applications.
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4 Experimental
4.1 Materials
All chemicals were used as received except where stated otherwise. Table 3 shows
the manufacturer and grade of the chemicals used in the following experiments.
Table 3: List of chemicals
4.2 Film deposition
Films were deposited by spin casting on silicon wafers. A Laurell Technologies
Corporation spin processor model WS-400B-6NPP/Lite/AS, shown in Figure 13,
was used to coat the wafers. Typically films were spun in the range of 1,000 to 2,500
RPM depending on the desired thickness of the film and the polymer viscosity. In
order to ensure a defect free coating, solutions were pre-filtered through a 0.45µm
Acrodisc syringe prefilter.
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Figure 13: Spin processor
Laurell Technologies Corporation model WS-400B-6NPP/Lite/AS
4.2.1 Substrate preparation
Research grade, single sided, polished wafers of N(111) silicon were broken apart
into pieces of approximately 4 cm2. The wafers were cleaned using a modified
RCA protocol [43]. Wafers were immersed in a basic solution of NH4OH : H2O2 :
H2O in ratios of 1:1:5 at 80oC for five minutes followed by immersion in a solution
of HCl : H2O2 : H2O in ratios of 1:1:5 for five minutes also at 80oC. The wafers were
then removed from the acid solution, repeatedly rinsed in water, and air dried at
room temperature prior to use.
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4.2.2 Polymer film preparation
Solutions of chitosan, unless otherwise stated were dissolved in 2% acetic acid in
a ratio of 0.3 g chitosan in 20 ml DI water. Solutions were placed on an ArmaLab
model Arama-Rotator A-1 rotator for at least four hours prior to use; however,
solids typically took less time to dissolve. HDACS was used to crosslink chitosan
films using 0.25 wt.%. Films of CMC could not be crosslinked with HDACS; how-
ever, glutaraldehyde crosslinks CMC. Glutaraldehyde (2 ml, 50% in water) was
placed in a vapor chamber with the films and allowed to react for 12 hours.
4.3 Characterization
4.3.1 Fourier transform infrared spectroscopy
Spectra were obtained by an Excalibur ETS-3000 Fourier transform spectrometer
in transmission mode with a resolution of 4 cm−1, which was set to accumulate 64
scans. Films of chitosan produce clearer FTIR spectra than pellets. To this end,
all FTIR spectra were taken of films prepared in the following manner. Polymer
solutions were prepared by dissolving chitosan in 2% acetic acid in 0.1 g per 1
ml water ratios. Nanoparticle containing films were prepared in the manner and
concentrations described in their respective sections.
Solutions were dropped onto glass slides and heated at 60oC until dried. The
dried films were then removed with a single edged no. 9 VWR surgical carbon steel
razor blade starting at one of the corners. CMC films were much more brittle than
chitosan films and prone to breaking. The brittleness of the films was dependent
on the hydration level, and allowing the films to rehydrate in the atmosphere after
heating greatly aided in their removal. Samples prepared at low pH values were
opaque due to the large amount of sodium acetate from the acetic acid. These
solutions were rinsed in a solution of 80% ethanol and 20% water. Chitosan is
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not soluble in high concentrations of ethanol while the unwanted sodium acetate
dissolves. The films were dried again and placed in a Secador desiccator overnight
to remove excess water, prior to running FTIR.
4.3.2 Transmission electron microscopy
Transmission electron microscopy (TEM) experiments were conducted on a JEOL
2000FX TEM with an accelerating voltage of 120 kV. Due to the high nanoparticle
concentrations, samples were diluted to improve the image clarity. Platinum sam-
ples were diluted with five parts water to one part sol while other samples were
diluted with two parts water to one part sol. Nanoparticle diameters were mea-
sured from at least four different regions of each sample from the measurement of
sixty random nanoparticles.
4.3.3 Melting point
Melting points were measured using a a MEL-TEMP electrothermal capillary melt-
ing point apparatus by Barnstead International. Samples were heated using a set-
ting of four. Onset of melting temperatures and final decomposition temperatures
were observed and recorded. Onset of melting was recorded when the polymer at-
tained a slightly darkened appearance, and the melting point was reported when
the polymer turned a dark brown color indicating it had fully decomposed.
4.4 Synthesis of carboxymethyl chitosan
The synthesis of CMC is a very sensitive reaction, and it was observed to have
varying characteristics even when synthesized under similar conditions. The reac-
tion was performed using a method similar to that of X. G. Chen [65] as follows.
Chitosan, 90% deacetylated, (2g) was placed in a solvent (20 ml) and sodium hy-
droxide (8g) to alkalize for 12 hours. The solvent was made of equal parts deion-
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ized water and isopropanol. The reaction temperature, time, and ratio of isopropyl
alcohol to water strongly affect the degree of substitution, yield, and solubility
range of the products. Figure 14 shows the apparatus setup for the CMC reaction.
A round bottom flask containing the reactants is placed in a water bath and mon-
itored for temperature. A reflux apparatus is used to prevent evaporation of the
solvent, which is particularly important when performing the reaction at higher
temperatures.
Figure 14: Synthesis of CMC setup
After the polymer was allowed to swell in the solvent, the mixture was heated
to 60oC. Monochloroacetic acid (8g) dissolved in isopropanol (2 ml) was slowly
added to the solution over 30 minutes. The reaction was quenched after six hours
by the addition of pure ethanol (50 ml). The product was vacuum dried and rinsed
in 90% ethanol until the pH of the filtered solution was neutral. After filtration, the
sample was allowed to dry at 50oC. The resulting product was dissolved in water
and centrifuged to remove the insoluble, unreacted chitosan. The soluble portion
was then insolublized with ethanol and vacuum filtered to obtain water soluble
CMC.
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The product was then characterized through FTIR. The FTIR spectrum of chi-
tosan is characterized by an amide peak at 1640 cm−1 and 1545 cm−1 and primary
and secondary hydroxyl groups at 1029 cm−1 and 1080 cm−1, respectively. The ad-
dition of the carboxymethyl groups results in the carboxyl peak at 1714 cm−1. The
location of the addition occurs primarily on the primary hydroxyl group at 1029
cm−1, and to some extent on the amine group.
Figure 15: FTIR spectra of chitosan and CMC
The FTIR spectra of CMC changed depending on the pH of the solution in
which the polymer was dissolved. Shown in Figure 16, the carboxyl peak around
1720 cm−1 is much stronger at a pH of 1 than it is at pH 4.
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Figure 16: FTIR spectra of CMC at pH 4 and pH 1
4.5 Synthesis of catalytic nanoparticles
Metal nanoparticles were synthesized using the ability of chitosan to chelate
metal ions and support nanoparticles. Typically solutions of chitosan were pre-
pared in 2% acetic acid to create solutions of pH 4, which is optimum for metal
ion binding. Chitosan solutions were prepared in ratios of 0.1 g chitosan per 10 ml
water. However, spin coating films requires a more viscous solution. Solutions for
spin coating were typically prepared under similar conditions with 50 % higher
loadings of chitosan and metal ion solution. The methods used to produce the
nanocomposite films are outline in a later section. Identical reaction setups were
used for the synthesis of nanoparticles in CMC.
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Catalyst testing was conducted using crosslinked chitosan flakes to allow easy
recovery and separation of the catalyst material. Flakes of chitosan were crosslinked
using 1 wt.% HDACS. Chitosan and HDACS were heated at 60oC in water for 12
hours. The crosslinked material then underwent identical procedures to the dis-
solved chitosan.
4.5.1 Platinum
Nanoparticles of platinum can be synthesized by the reduction of chloroplatinic
acid in chitosan [36]. Chloroplatinic acid was slowly added to the chitosan solution
to form a 1 mM solution of the metal ions. The addition of chloroplatinic acid
precipitated the chitosan from the solution. The solutions were stirred for two
hours until the chitosan dissolved again. If the chloroplatinic acid is added prior
to the acetic acid, the polymer will not dissolve even after several hours of stirring.
The platinum ions were reduced using an excess of NaBH4 (20 µl of a 1 M solution
of NaBH4 per 1 ml chitosan solution). Upon addition the solution effervesced
and turned an inky black color. Platinum solutions of higher than 1 mM loadings
tended to gel within a day.
4.5.2 Gold
Two methods of producing gold sols were used. The method that produces
the more uniform distribution of nanoparticles is similar to the method used to
synthesis platinum nanoparticles. Gold chloride, HAuCl4, was added to chitosan
solutions to form a 1 mM solution. An excess of NaBH4 was added to the solution
to form gold nanoparticles.
The alternate method to produce gold nanoparticles was to heat the solutions
to 60oC instead of adding NaBH4 [37]. After two hours, wine red sols were formed.
The reaction can be monitored by UV-vis absorbance, when the characteristic gold
peak stops increasing, the reaction has completed. Gold sols were the most stable
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and did not significantly aggregate or crosslink in chitosan films over a period of
several weeks at room temperature.
4.5.3 Silver
The reduction of silver nitrate, AgNO3 in chitosan produces silver nanoparti-
cles. Silver nitrate (1 mM) was dissolved in a chitosan solution. The solution is
then placed in an ice bath to chill prior to reduction with an excess of NaBH4 (15
µl of a 1 M solution per 1 ml chitosan solution). The ice bath is necessary to form
a clear yellow sol, without the ice-bath, a darker solution forms indicating higher
levels of aggregation.
It is also possible to use the reducing abilities of chitosan to reduce silver in
a similar method to that of gold nanoparticles. By heating to 60oC, it is possible
to produce a sol of silver nanoparticles. The sol formed via this method is much
darker appearing brown in color because of aggregation. However, methods have
been developed to form stable sols through heating [83].
4.6 Catalyst testing
Catalyst testing was first conducted using flakes due to the ease of separation from
the reaction. Several methods were also used to test the catalytic activity of thin
film nanocomposite systems. Two reactions were used to test the catalytic activity:
the reduction of 4-nitrophenol by sodium borohydride, and the electron transfer
reaction between potassium ferricyanide and sodiumthiosulfate. These reactions
were chosen because the UV-vis absorbance response directly corresponds to the
state of the reaction; therefore, rate constants can be derived from the intensity
peaks. Both reactions are setup in such a way that pseudo first-order rate kinetics
can be used to model the reaction.
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Pseudo First-Order Rate Law: k′[A] = −d[A]
dt
(17)
Where: k′ = k[B]o
4.6.1 Catalytic reduction of 4-nitrophenol
The reduction of 4-nitrophenol to 4-aminophenol by sodium borohydride requires
a catalyst to proceed [67, 84]. 4-nitrophenol has a characteristic peak at 400 nm
that disappears and gives rise to a smaller peak around 300 nm as it is reduced
to 4-aminophenol and other products. By using a large excess of NaBH4, first-
order rate kinetics can be assumed in regards to 4-nitrophenol [84]. The high pH
of the solution slows the degradation rate of NaBH4, and the released hydrogen
purges the oxygen from the container. Oxygen degrades the products, mainly 4-
aminophenol; this can be observed by allowing the reaction to proceed with and
without exposure to air. The peak at 300 nm due to aminophenol is absent when
the reaction container is not covered.
A 0.1 mM solution of 4-nitrophenol was prepared, and adjusted to a pH of 10
with NaOH. The solution, while initially transparent, became yellow green upon
addition of NaOH. The solution was refrigerated and used for all catalyst testing.
There was no significant change in absorbance peaks of 4-nitrophenol during this
time. In a typical run, 20 ml of 4-nitrophenol solution was placed in a 50 ml Erlen-
meyer flask along with 0.1 g of the catalyst material. Solutions were mixed using
magnetic stirring bars. The reaction was initiated by addition of 0.8 g of NaBH4
and a cover was loosely placed on top to limit the escape of hydrogen. After the ad-
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dition, the reactions began to strongly effervesce. Approximately 1.5 ml of solution
was removed at regular intervals, filtered, and measured by UV-vis absorbance.
The apparatus setup is shown in Figure 17. The solution is filtered using a
syringe pre-filter. It is then placed in a cuvette and the absorbance peaks are mea-
sured using a spectrometer. The graph on the monitor shown below is actually a
superposition of several graphs taken over a period of 20 minutes.
Figure 17: Catalyst testing setup
4.6.2 Catalytic electron transfer of potassium ferricyanide and sodium
thiosulfate
The second experiment does not produce the effervescent response that NaBH4
produces when brought into contact with catalytic material. This allows easier ob-
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servation of the reaction, and prevents the delamination of nanocomposite films.
Potassium ferricyanide and sodium thiosulfate undergo an electron transfer reac-
tion in the presence of noble metals [85, 86].
Electron Transfer Reaction: Fe(CN)3−6 + S2O
2−
3 −→ Fe(CN)4−6 + 12 S4O2−6
As Fe(CN)3−6 declines, the absorption peak at 420 nm disappears. This reaction
proceeds slowly without the presence of a catalyst. Pseudo first-order reaction
kinetics can be assumed in this reaction; the concentration is proportional to the
intensity of the peak at 420 nm minus the intensity of the peak at 500 nm. In a
typically reaction, a film measuring 0.9 cm by 2 cm was placed in a cuvette. The
films were typically of the order of 100 nm in thickness containing films prepared
in 1 mM concentrations of nanoparticles. Films were crosslinked in a glutaralde-
hyde vapor chambers for 12 hours using 2 ml (50%) solutions of glutaraldehyde.
Reactions were monitored over the course of 1 hour.
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5 Results and discussion
5.1 Characterization of nanoparticles
Catalysis is dependent on the size, morphology, and concentration of the catalytic
nanoparticles as well as the interaction with the catalyst support. These properties
were examined through a number of characterization techniques and two model
catalytic reactions using chitosan and CMC as a matrix material. From the catalyst
tests, rate constants were determined to characterize the relative activities of the
various nanoparticle systems.
5.1.1 Ultraviolet-visible spectroscopy
The three metal ion solutions exhibit strong absorbance peaks around 200 nm. As
the metal ions are reduced to a zero valent form, these peaks disappear and the
nanoparticles give rise to new absorbance characteristics. Gold and silver nanopar-
ticles have characteristic absorbance peaks due to SPR. The height of these peaks
is proportional to the concentration of nanoparticles in solution, and the location
and spectral width of the peaks are dependent on the particle size distribution.
Limited information can be obtained from the spectrum of platinum nanopar-
ticles due to the tendency of platinum sols to absorb a broad range of light, which
gives rise to the characteristic black color. The platinum and gold sols were diluted
prior to obtaining the spectra due to the high intensity of the absorption exhibited.
The platinum sol was diluted to one part platinum sol to ten parts DI water while
gold sols were diluted to one part gold sol to one part DI water. In Figure 18b,
the partially reduced gold has two peaks indicating gold chloride still remains in
the sample. The intensity of the gold nanoparticle peak tends to decrease with
decreasing nanoparticle size [87].
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The peak of the silver sol appears at 400 nm, with a peak width at half of max-
imum (PWHM) of approximately 180 nm. The peak height corresponds to sols of
10-14 nm, while the peak width would suggest much larger particles of the order
of 70 nm [41]. TEM data, shown in a later section, reveal a broad range of nanopar-
ticles from 3-24 nm with the majority of the particles concentrated at the lower
range of the spectrum. The range of nanoparticles exhibit the peak height of the
smaller nanoparticles, and the broadness associated with the larger nanoparticles.
While UV-vis absorbance can not provide exact information on nanoparticle
sizes, it does yield valuable information. The most important information that
can be obtained is the extent of the reaction; absorbance data shows weather un-
reacted metal ions are present in the solution. Additionally, it provides a quick
means of determining the relative quality of the sol. For example, a method that
produces a sharper peak in silver will have produced more uniform or less aggre-
gated nanoparticles.
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Figure 18: UV-vis absorbance of (a) platinum (b) gold (c) silver ions and nanopar-
ticles and (d) actual sols of platinum, gold, and silver nanoparticles (from left to
right)
5.1.2 Transmission electron microscopy
Nanoparticles of platinum gold and silver were synthesized in chitosan and CMC
and characterized through TEM and FTIR. At least sixty random nanoparticles
from four different regions of each sample were measured and reported in his-
tograms alongside a representative TEM image. Minimal variations occurred be-
tween the different regions in each sample.
Platinum nanoparticles were well dispersed and had a narrow size distribution.
Chitosan and CMC formed nanoparticles of similar size distributions; however,
CMC did not stabilize the platinum nanoparticles to the same extent as chitosan.
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Figure 19b shows clusters of aggregated platinum nanoparticles. Platinum sols
tended to crosslink and form gels within a week of formation in both polymers.
Figure 19: Platinum nanoparticles synthesized in (a): chitosan and (b): CMC
Gold nanoparticles had the largest size distribution. TEM images show, not
only are the nanoparticles of a broad size distribution, but the particle shapes vary
as well. The cross-sections of the gold nanoparticles included three to six sided
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polygons as well as particles with roughly circular cross-sections. Enlarged views
of the various gold nanoparticle shapes are shown in Figure 21. The dark regions
in Figure 20b show gold-chelates in CMC. This is evidence that the nanoparticles
do not form as easily in CMC as in chitosan.
Figure 20: Gold nanoparticles synthesized in (a): chitosan and (b): CMC
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Figure 21: Magnified view of gold nanoparticles with three through six sided cross-
sectional areas
In general, silver nanoparticles are particularly unstable and tend to aggregate
quickly in most solutions as is the case with chitosan. Chitosan sols of silver tend
to darken, indicating aggregation immediately after formation. TEM images show
high levels of aggregation in both samples; however, CMC films had much larger
clusters of aggregated particles. Most nanoparticles were found in the 3-9 nm re-
gion with a few nanoparticles of a much larger size.
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Figure 22: Silver nanoparticles synthesized in (a): chitosan and (b): CMC
Table 4 summarizes the statistical data of the nanoparticle sizes. The data show
the nanoparticle size and distributions are comparable for both chitosan and CMC.
Platinum formed the smallest nanoparticles with mean sizes around 3.5 nm while
silver and gold formed nanoparticles of around 23 nm and 7 nm respectively. Stan-
dard deviations show gold had the greatest size range while platinum nanoparti-
cles formed a very narrow distribution. Silver nanoparticles in CMC had a slightly
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larger average size, but this is not statistically significant when one takes into ac-
count the standard deviations.
Table 4: Mean and standard deviation of nanoparticles in chitosan and CMC
5.1.3 Fourier transform spectroscopy
FTIR spectra were taken of films cast from each sol and compared to the stock chi-
tosan and CMC solutions. Spectral changes of characteristic peaks in chitosan and
carboxymethyl chitosan were monitored. These spectral changes provide insights
into the metal binding within the two polymers. In chitosan, peaks shifted pre-
dominantly in the amine and amide region while minor changes occurred in the
alcohols. Different spectral shifts were observed in CMC. The alcohols underwent
the greatest spectral changes while minor changes occurred in the caboxylic acids,
amines and amides. A summary of the peak shifts in the FTIR images are shown
in Table 5.
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Table 5: Peak shifts in chitosan and CMC nanocomposite films
These spectral changes indicate that the amines, hydroxyl groups, and car-
boxymethyl groups are involved in the stabilization of the nanoparticles. The im-
proved stabilization of the chitosan suggests the amines have the strongest role
in the stabilization of the nanoparticles. The increased aggregation in CMC could
be due to different binding with the carboxymethyl groups or could be an effect
of the lowered viscosity of CMC. Partial substitution of carboxymethyl groups on
the amines could limit the extent of the interaction in the amine and amide region.
Stabilization of silver nanoparticles on carboxymethyl cellulose provides evidence
that carboxymethyl and hydroxyl groups play a strong role in the stabilization of
the nanoparticles [88]. Cellulose has a similar structure to chitin, differing only
in the acetylated amine group, which in cellulose is replaced by another hydroxyl
group.
5 RESULTS AND DISCUSSION 56
Figure 23: FTIR spectra of nanoparticles in chitosan
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Figure 24: FTIR spectra of nanoparticles in CMC
5.1.4 Melting point
Many catalytic reactions are carried out at high temperatures, and it is important to
know the temperature range in which the matrix material can be effectively used.
The glass transition temperature of chitosan is not easily detected by DSC, and a
wide range of values have been reported ranging from 150oC to 200oC [89]. Chi-
tosan does not have a true melting point, instead the polymer decomposes by oxi-
dation and turns a dark brown color. In effect, the sugar backbone of the polymer
caramelizes. Data for the onset of melting and the final decomposition tempera-
ture are shown in Table 6.
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Table 6: Melting temperature
5.1.5 Index of refraction
The structural color exhibited in thin films is dependent on the index of refraction
and angle of incidence of light. The indices of refraction of nanoparticles can alter
the index of refraction of the films, and were measured using ellipsometry. This
has important implications for the use of these films in sensing devices, and is a
possible method for determining the concentration of nanoparticles in a particular
film.
Films with a thickness of the order of 100 nm were cast from platinum, gold,
silver, and copper nanoparticles. The table shows the average index of refraction
of three separate films and the range over which the indices were measured. Plat-
inum nanoparticles were produced via two methods. The entry listed as “Plat-
inum” was cast from solutions containing platinum nanoparticles using the previ-
ously described methods. The second platinum entry was produced by soaking a
crosslinked film of chitosan in chloroplatinic acid overnight and reducing the film
in a sodium borohydride bath. Control films of chitosan without nanoparticles
were also spin coated and had an average index of refraction of 1.53. Platinum
nanoparticles were the only nanoparticles that significantly impacted the index of
refraction when films were spun at 1 mM concentrations.
5 RESULTS AND DISCUSSION 59
Table 7: Index of refraction of chitosan thin films
5.2 Catalysis
Catalytic testing can be conducted using solutions, films, and flakes. Due to the
strong spectral absorbance of chitosan sols, UV-vis absorbance was conducted us-
ing flakes and films of chitosan, which are easily separated from the products and
reactants. While it is possible to conduct tests using sols, the absorbance peaks can
interfere with the peaks that are monitored in the catalyzed reaction. Additionally,
films and flakes can be rinsed and reused, and anchor the metal nanoparticles,
which is the overall goal of the matrix material.
5.2.1 Catalytic activity of chitosan flakes
Catalyst testing was conducted on flakes of chitosan, which allowed for easy recov-
ery of the catalyst material. Formation of nanoparticles in the crosslinked chitosan
flakes resulted in changes in color of the flakes. Platinum flakes turned black, gold
flakes turned black, and silver flakes turned brown. Silver flakes become less dense
upon reduction of the AgNO3. Approximately half of the flakes floated to the sur-
face, a phenomenon not observed in the other samples where the flakes settled at
the bottom of the container.
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Rate constants were determined by plotting the natural logarithm of the maxi-
mum peak intensity against time. The slope of the line is the negative rate constant.
The rate constants listed in Figure 26 show silver had the highest activity followed
by platinum and gold. The decreased density of silver most likely corresponds
with an increased porosity, which would account for the higher rate constant. It
is interesting to note the 4-aminophenol peak, A300, remains relatively constant
during the reaction. The 4-aminophenol products break down easily into other
products, which explains the behavior of the A300 peak.
The catalytic activity of CMC flakes is substantially higher for the first run in
CMC, shown in Figure 27. However, subsequent runs reveal little or no activity
of the catalyst support material. This indicates the nanoparticles leach out of the
CMC matrix and into the reactants. While this increases the initial rate constant
due to a higher amount of the catalyst being exposed to the solution, it does not
allow the catalyst to be recovered and reused.
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Figure 25: UV-vis absorbance vs. time of (a) platinum, (b) gold, and (c) silver
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Figure 26: Natural logarithm of concentration vs. time in chitosan flakes with a
slope of -k (a) platinum, (b) gold, and (c) silver (d) rate constants of each catalyst
data is averaged over three runs
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Figure 27: Natural logarithm of concentration vs. time in CMC flakes with a slope
of -k (a) platinum, (b) gold, and (c) silver data is from the first reaction run of CMC,
subsequent runs were not catalytically active due to leaching
5.2.2 Catalytic activity of chitosan films
The reduction of 4-nitrophenol on chitosan films resulted in the delamination of
the films. While the films were stable in the 4-nitrophenol solution, the addition
of NaBH4 resulted in the catalyzed formation of hydrogen within the film. The
hydrogen bubbles remain trapped between the film and the substrate until they
ruptured after reaching a critical size. Typically, films completely delaminated via
this process within a half hour. However, the films could be suitable for a different
reaction that does not produce the release of a gas.
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Figure 28: Delamination of nanocomposite films: (a) effect of hydrogen bubbling
(b) partial delamination
Several alternate crosslinking methods were attempted by varying the type and
amount of crosslinker. However, each case proved to be unsatisfactory either due
to delamination or by having no observable catalytic activity.
Table 8: Methods of crosslinking nanocomposite films
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Preliminary indicate that the electron transfer between potassium ferricyanide
and sodium thiosulfate did not yield reproducible data with the equipment avail-
able. Rate constants were not significantly different than the rates observed for the
control. This is possible evidence that the films do not contain enough material to
noticeably increase the rate of this reaction.
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6 Conclusion
Chitosan has been shown to be an effective matrix material for catalytic nanopar-
ticles. Chitosan is integral to the process of nanoparticle formation, growth, and
support. The numerous amine groups on chitosan have a high affinity for metal
ions, which evenly disperses the particles through the polymer. The high concen-
tration of metal ions can then be reduced using a suitable reducing agent, or in
some cases, chitosan itself. Growth and aggregation of the nanoparticles are also
limited by the chitosan matrix.
The stability of the sols varied depending on the species of nanoparticle in-
volved. While platinum nanoparticles formed the most evenly dispersed sols as
well as a narrow particle size distribution, gellation occurred in the sols within a
week. Gold formed well dispersed particles that were very stable. Only a slight
darkening of the sol was observed over the period of a month. Silver, characteris-
tically, aggregated quickly. Gold and silver were observed to have a large size dis-
tribution, which indicates an additional capping agent other than chitosan might
be necessary to optimize the catalytic nanoparticles. In all three cases, aggrega-
tion concerns can be minimized by depositing the solution quickly or by using
crosslinked chitosan as a starting material.
Nanoparticles supported on chitosan and carboxymethyl chitosan flakes were
shown to be catalytically active. Solutions of 4-nitrophenol do not react apprecia-
bly without a catalyst, but reduced within 20 minutes of contact with each of the
three catalysts. It was observed that the rate constant was highest for silver, fol-
lowed by platinum, and then gold. One would expect platinum, which formed the
smallest, most uniform particles in the greatest concentration to have the highest
catalytic activity. Without a doubt platinum has the highest surface area, it has
been shown that decreasing the size of a catalyst can have a negative impact on its
catalytic ability for certain reactions when reduced below a certain size [90, 91].
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Chitosan films were shown to be much less catalytically active than chitosan
flakes due to the much smaller amount of material. However, the production of
hydrogen gas in the reaction with sodium borohydride resulted in the delamina-
tion of the films. Several methods of crosslinking the films were attempted, but
all resulted in complete film delamination within minutes. However, films can be
used in reactions that do not have the violent effervescence of the reaction with
sodium borohydride.
While the particle size was similar in carboxymethyl chitosan, CMC was shown
to be a poor support material. Anchoring of nanoparticles in CMC did not success-
fully occur, and the majority of the catalyst material leached from the matrix after
the first reaction. This is possibly due to the poor crosslinking ability of CMC and
a high substitution of carboxymethyl groups on the amines limiting the anchor-
ing ability of the polymer. However, this thesis lays the ground work for future
catalyst testing and nanoparticle experiments in chitosan.
7 Future work
There are several possible directions for future work on chitosan as a catalyst sup-
port material. One important area of study is optimizing chitosan as a matrix ma-
terial. This can be done by investigating other modifications of chitosan and meth-
ods of preparing it. Increasing the porosity or the ability to stabilize nanoparticles
can greatly improve the ability of chitosan as a catalyst support material. Investiga-
tions into other modifications of chitosan could result in a smaller or more narrow
particle size distributions.
Further investigations into the effects of metal binding and catalysis of metal
nanoparticles in modified chitosans could lead to better nanoparticle matrix mate-
rials. Since chitosan is easily modified into many forms, investigations into these
forms and their influence on catalysis could prove an interesting area of study. For
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example chitosan nanocomposites have been made into beads, films, flakes, and
brushes.
Another area of investigation is optimizing the catalytic nanoparticles. Catal-
ysis is very dependent on the size and shape of nanoparticles, and can be signifi-
cantly increased by obtaining smaller, more evenly distributed particles or by syn-
thesizing particles with more edges instead of spherical geometries [86]. This can
be done by investigating alternate synthesis methods and using capping agents
other than chitosan in the nanoparticle synthesis.
Developing novel applications for chitosan supported nanoparticles is the over-
all goal of this project, and any further investigations should continue to consider
this. Chitosan supported nanoparticles have been shown to be useful as sen-
sors, catalytic devices, and antimicrobial films. However, many applications for
nanoparticles supported on chitosan are still waiting to be discovered.
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9 Appendix: Abbreviations
AgNO3 Silver nitrate
CMC Carboxymethyl chitosan
DA Degree of acetylation
DD Degree of deacetylation
DSC Differential scanning calorimetry
FTIR Fourier transform spectroscopy
HAuCl4 Gold chloride
HDACS hexamethylene 1,6-di(aminocarboxysulfonate)
H2PtCl6 Chloroplatinic acid
LMW Low molecular weight
NaBH4 Sodium borohydride
NaOH Sodium hydroxide
NMR Nuclear magnetic resonance
NPPG Natural polymer and photonics group
PWHM Peak width at half of maxima
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RPM Revolutions per minute
SEM Scanning electron microscopy
SPR Surface plasmon resonance
TEM Tunneling electron microscopy
UV-vis Ultraviolet-visible (spectroscopy)
XRD X-ray diffraction

